Abstract In this study, yeasts associated with lignocellulosic materials in Brazil, including decaying wood and sugarcane bagasse, were isolated, and their ability to produce xylanolytic enzymes was investigated. A total of 358 yeast isolates were obtained, with 198 strains isolated from decaying wood and 160 strains isolated from decaying sugarcane bagasse samples. Seventy-five isolates possessed xylanase activity in solid medium and were identified as belonging to nine species: Candida intermedia, C. tropicalis, Meyerozyma guilliermondii, Scheffersomyces shehatae, Sugiyamaella smithiae, Cryptococcus diffluens, Cr. heveanensis, Cr. laurentii and Trichosporon mycotoxinivorans. Twenty-one isolates were further screened for total xylanase activity in liquid medium with xylan, and five xylanolytic yeasts were selected for further characterization, which included quantitative analysis of growth in xylan and xylose and xylanase and b-D-xylosidase activities. The yeasts showing the highest growth rate and cell density in xylan, Cr. laurentii UFMG-HB-48, Su. smithiae UFMG-HM-80.1 and Sc. shehatae UFMG-HM-9.1a, were, simultaneously, those exhibiting higher xylanase activity. Xylan induced the highest level of (extracellular) xylanase activity in Cr. laurentii UFMG-HB-48 and the highest level of (intracellular, extracellular and membrane-associated) b-D-xylosidase activity in Su. smithiae UFMG-HM-80.1. Also, significant b-D-xylosidase levels were detected in xylan-induced cultures of Cr. laurentii UFMG-HB-48 and Sc. shehatae UFMG-HM-9.1a, mainly in extracellular and intracellular spaces, respectively. Under xylose induction, Cr. laurentii UFMG-HB-48 showed the highest intracellular b-D-xylosidase activity among all the yeast tested. C. tropicalis UFMG-HB 93a showed its higher (intracellular) b-D-xylosidase activity under xylose induction and higher at 30°C than at 50°C. This study revealed different xylanolytic abilities and strategies in yeasts to metabolise xylan and/or its hydrolysis products (xylo-oligosaccharides and xylose). Xylanolytic yeasts are able to secrete xylanolytic enzymes mainly when induced by xylan and present different strategies (intra-and/or extracellular hydrolysis) for the metabolism of xylooligosaccharides. Some of the unique xylanolytic traits identified here should be further explored for their applicability in specific biotechnological processes.
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Introduction
The degradation of lignocellulosic biomass is complex because those materials are composed of a rigid structure combining cellulose, hemicellulose and lignin (Sjöström 1993) . Cellulose and hemicellulose are polysaccharides. While cellulose is a homopolymer composed of D-glucose units linked by b-1,4 glycosidic bonds, hemicellulose is usually heterogeneous and its composition is dependent on the type of lignocellulosic material (Gírio et al. 2010) . The most abundant hemicellulose is xylan, which is found as arabinoxylan in cereals and glucuronoxylan in hardwoods (Ebringevorá et al. 2005) . In some of the tissues of grasses and cereals, xylans can account for up to 50 % of the biomass. Xylan consists of b-1,4-linked Dxylose units with substituents such as acetyl, arabinosyl and glucuronosyl residues (Sjöström 1993) . While cellulolytic enzymes have been thoroughly studied, manipulated and improved, xylanolytic enzymes have received less attention. Xylanolytic enzymes are valuable for applications in the pulp and paper industry as well as the textile and food sectors (Beg et al. 2001; Collins et al. 2005; Polizeli et al. 2005) . Moreover, those enzymes can be used in the hydrolysis of lignocellulosic biomass for the production of second-generation bioethanol (Gírio et al. 2010) or other biofuels and biochemicals. Xylanolytic enzymes include endo-1,4-b-xylanases, or simply xylanases (4-b-D-xylan xylanohydrolase, EC 3.2.1.8), which cleave internal b-(1 ? 4)-xylosidic linkages in xylan backbone to yield xylo-oligosaccharides, and xylan 1,4-bxylosidases, or simply b-xylosidases (4-b-D-xylan xylanohydrolase, EC 3.2.1.37), which liberate Dxylose monomers from the non-reducing end of xylo-oligosaccharides. Additional enzymatic activities, such as a-L-arabinofuranosidase, a-D-glucuronidase, acetyl xylan esterases and phenolic acid esterase, remove side-chain ramifications (Polizeli et al. 2005; Gray et al. 2006; Ryabova et al. 2009 ).
Most research on this topic has been focused on xylanase-producing filamentous fungi (Sun and Cheng 2002) , as those microorganisms are known to be efficient enzyme producers. On the contrary, only a limited number of studies have been performed with yeasts Manzanares et al. 1999; Chavez et al. 2006; Bhadra et al. 2008; Romero et al. 2012) . Yeasts are commonly found in sugar-rich substrates, such as decaying lignocellulosic biomass, including leaf detritus, rotten wood or agricultural and agro-industrial residues (González et al. 1989; Middelhoven and Kurtzman 2007; Baldrian and Valaskova 2008; Bhadra et al. 2008; Cadete et al. 2009 Cadete et al. , 2012 Morais et al. 2013a) .
Yeasts have been studied by several authors due to their potential use in the production of novel enzymes and chemicals (Satyanarayna and Kunze 2009) . Saccharomyces cerevisiae, which is widely used in industrial alcoholic fermentation and other biotechnological processes, lacks the ability to hydrolyse lignocellulosic materials. However, S. cerevisiae has been engineered to express genes from other microorganisms, preferentially filamentous fungi, to perform direct conversion of cellulose and/or xylan to ethanol Katahira et al. 2004 ) through the so-called Consolidated Bioprocessing (CBP) (Gírio et al. 2010) . On the contrary, some yeast strains are naturally able to produce value-added products (e.g. triglycerides, lipids, pigments, alcohols, acids, etc.) and simultaneously enzymes for the degradation of lignocellulosic materials, like cellulases and/or xylanases, including those belonging to the genera Cryptococcus, Pichia, Candida, Trichosporon, Dekkera, Hanseniaspora, Metschnikowia, Rhodotorula, Sugiyamaella and Wickerhamomyces (Stevens and Payne 1977; Fall et al. 1984; Leathers 1986; Biely and Kremnický 1998; Fengxia et al. 2008; Carrasco et al. 2012; Romero et al. 2012; Morais et al. 2013a, b) . Those yeasts may represent a novel source of hydrolytic enzymes with unique traits. The present study was conducted to identify novel yeast strains present in decaying wood from forests and in sugarcane bagasse from sugar/1G ethanol mills in Brazil. We aimed to select strains that are able to produce xylanolytic enzymes and to characterise the xylanolytic profile of the best producers for potential application in biotechnological processes.
Materials and methods

Yeast isolation
Yeasts were isolated from two sources of lignocellulosic biomass: decaying wood and sugarcane bagasse.
Sampling of decaying wood was carried out at six different sites including the Private Reserve of the Sanctuary of Caraça and the National Park of Serra do Cipó (Minas Gerais state, southeastern Brazil). This region consists of a zone of contact between the 'Cerrado', the Atlantic Rain Forest and the 'Caatinga' ecosystems (Barbosa et al. 2009; Cadete et al. 2009 ). Another sampling was performed in the Rio Doce State Park, which is the largest preserved semideciduous Atlantic Rain Forest area found in Minas Gerais state ; pH 5.0 ± 0.5]. The flasks were incubated at 25°C on an orbital shaker at 150 rpm for 3-10 days. When growth was detected, 0.5 mL of the culture was transferred to a tube containing 5 mL of sterile-YNB-xylan medium. The tubes were incubated as described above. After growth detection, one loopful of each tube was streaked on YNB-xylan agar plates. The plates were incubated at 25°C until yeast colonies developed. The different yeast morphotypes were purified by restreaking on yeast extract-malt extract agar (YMA-glucose 10 g L
) and stored at -80°C or in liquid nitrogen for later identification.
Preliminary plate screening of the xylanaseproducing strains One loopful of a pure and recent culture (24-48 h of growth) of each yeast isolate was diluted in sterile distilled water. An aliquot of 50 lL of this solution was transferred to the centre of a Petri dish containing xylan-agar medium (yeast nitrogen base 6.7 g L -1
; xylan 10 g L -1 ; agar 20 g L -1 ; pH 5.0), and the plates were incubated at 25°C for 5-15 days. The xylanaseproducing isolates were identified based on the formation of a clear halo around the colonies, as a result of hydrolysis of partial soluble xylan in the solid media (Teather and Wood 1982; Bhadra et al. 2008 ).
Yeast identification
Only the xylanase-positive isolates identified based on the plate-screening test were further characterised. The yeasts were preliminarily grouped according to various characteristics, including their colony morphology and standard tests for growth on different carbon and nitrogen sources . Physiology-based groupings were confirmed by PCR fingerprinting using the Intron Splice Site primer EI-1 (5CTGGCTTGGTGTATGT) (De Barros et al. 1996) . Yeast strains with identical DNA banding patterns were grouped and putatively considered to belong to the same species (Rosa et al. 2007; Cadete et al. 2012) . At least one representative strain from each EI-1 PCR group was subjected to sequence analysis of the D1/ D2 region and internal transcribed spacer (ITS) domains of the large subunit of the rRNA gene as described below. Physiologically distinct strains with unique EI-1 PCR banding patterns were also selected for direct identification by sequencing of the D1/D2 region and ITS domains. The D1/D2 and ITS domains were amplified by PCR, directly from whole cells as previously described (Lachance et al. 1999 ). The amplified DNA was concentrated, cleaned and sequenced in an ABI3130 (Life Technologies, USA) automated sequencing system. The sequences were assembled, edited and aligned with the program MEGA5 (Tamura et al. 2011) . The existing sequences for other yeasts were retrieved from GenBank.
Selection of the best xylanolytic strains
Isolates belonging to all of the xylanolytic species identified were further evaluated for production of xylanase activity by growing in YNB-xylose medium (yeast nitrogen base 6.7 g L -1 ; D-xylose 30 g L -1 ) at 30°C, 150 rpm, for 24 h, harvesting (by centrifugation at 2,6009g for 15 min) and inoculating to an initial optical density at 600 nm (OD 600nm ) of 0.4 in YNB-xylan medium. After 48 h at 30°C and 150 rpm, the cells were separated by centrifugation, and the xylanase activity was assayed in the cell-free supernatant, as described in the enzymatic activities section. Yeast isolates showing the highest xylanase activity were selected for further characterisation of the xylanolytic profile.
Cultivations in xylan and xylose and determination of specific growth rates
The yeast isolates with the highest xylanolytic activities were pre-grown in liquid medium (initial pH of 5.0) in YNB-xylose medium, at 30°C, 150 rpm, for 24 h and inoculated to an initial OD 600nm of 0.1 in two different media: (1) YNB-xylose (xylose 30 g L -1 ) and (2) YNB-xylan (xylan 10 g L -1 ). Yeast growth was followed spectrophotometrically at 600 nm and specific growth rate was determined during the exponential growth phase. Although Beechwood xylan is not fully soluble in aqueous medium, it was possible to follow the OD 600nm of yeast cells and to determine the specific growth rate in xylan. Experiments were performed at least in duplicate.
Production and characterisation of xylanolytic enzymes
For the production and characterization of xylanolytic enzymes, the yeast isolates with the highest xylanolytic activities were also pre-grown in liquid medium (initial pH of 5.0) in YNB-xylose medium, at 30°C, 150 rpm, for 24 h. After cells were harvested by centrifugation (2,6009g for 15 min) and inoculated to an initial OD 600nm of 3-4 in two different media: (1) YNB-xylose (xylose 30 g L -1
) and (2) YNB-xylan (xylan 10 g L -1
). The yeast cells were cultivated in a 100-mL shake flask with 25 mL of medium at 30°C, 150 rpm, for 72 h. Cells grown on xylose and xylan were harvested by centrifugation, and the cell-free supernatants were used to determine the corresponding extracellular enzyme activities. To determine the intracellular and membrane-associated b-D-xylosidase activities, cell pellets (0.6 g wet mass) were collected in 2-mL Eppendorf tubes, and 1.0 mL Y-PER Ò -Yeast Protein Extraction Reagent (Pierce) was added (Katz et al. 2003) . The mixture was incubated for 1 h at room temperature on an orbital shaker at 150 rpm. Crude cellfree extracts were obtained by recovering the supernatants after spinning down the cell debris (Fonseca et al. 2007a ) and used to estimate intracellular enzyme activities. Crude extracts (without separation of cell debris) were used to estimate the sum of membrane and intracellular enzyme activities. The yeast-like fungus Aureobasidium pullulans NRRL Y-2311 was used as a positive control for the enzyme assays using xylose or xylan as inducers under the same conditions.
Enzymatic activities
Xylanase was assayed according to Bailey et al. (1980) with a few modifications. The assay mixture consisted of 100 lL of culture supernatant and 300 lL of a xylan (10 g L -1
) suspension in 50 mmol L -1 acetate buffer (pH 5.5). The mixture was incubated at 30 or 50°C for 30 min followed by immediate chilling on ice. The amount of reducing sugars released was determined using the dinitrosalicylic acid (DNS) method (Miller 1959) . One unit of enzyme activity was defined as the amount of enzyme required to release 1 lmol of reducing sugars in 1 min under the assay conditions. All enzymatic measurements were performed in triplicate.
b-D-Xylosidase activity was assessed by reaction of 50 lL of the appropriately diluted enzyme solutions with 100 lL of 5 mmol L -1 p-nitrophenyl-b-Dxylopyranoside (pNPX), as a synthetic substrate, in 50 mmol L -1 acetate buffer (pH 5.5). This reaction mixture was incubated at 30 and 50°C for 30 min. The reaction was stopped by adding 150 lL of 1 mol L -1 Na 2 CO 3 , and the absorbance was measured at 410 nm. One unit (U) of b-D-xylosidase activity was defined as the amount of enzyme that liberated 1 lmol of p-nitrophenol per min from pNPX. All enzymatic measurements were performed in triplicate.
Protein assay
The protein concentration was determined using the Bicinchoninic Acid (BCA) Protein Quantitation Assay (Thermo Scientific-Pierce) with BSA as a standard. The specific enzyme activities are given in units (U) per mg protein.
Results and discussion
Isolation and identification of xylanase-producing yeasts A total of 358 yeast isolates were obtained in this study, with 198 isolated from decaying wood collected in 6 Brazilian forests (National and State Parks and Private Reserves) and 160 isolated from decaying sugarcane bagasse samples collected at 17 Brazilian sugar-ethanol plants. Among the 358 isolates, 75 (21 %) were positive for xylanase activity in solid medium. The xylanase-producing yeasts isolates were identified as 12 ascomycetous isolates belonging to 5 species (Candida intermedia, C. tropicalis, Meyerozyma guilliermondii, Scheffersomyces shehatae and Sugiyamaella smithiae) and 63 basidiomycetous isolates belonging to 4 species (Cryptococcus diffluens, Cr. heveanensis, Cr. laurentii and Trichosporon mycotoxinivorans) (Table 1) .
Among ascomycetous strains, six were obtained from decaying wood and six were obtained from decaying sugarcane bagasse samples. Sc. shehatae and M. guilliermondii were the most frequent ascomycetous species found with xylanase activity, and both were represented by four isolates each. Sc. shehatae is frequently associated with lignocellulosic materials and is described as one of the best xylose-fermenting yeast species (Toivola et al. 1984) . This species was first described as a xylanase-producer in the 1980s (Lee et al. 1986 ). More recently, xylanolytic isolates from this species were found in decaying wood in Brazil (Morais et al. 2013a) . In this study, M. guilliermondii was isolated from sugarcane bagasse. This species has already been reported in insect frass, flowers, fruits, soil, alcohol fermentation processes and clinical specimens (Kurtzman 2011 ) and decaying wood (Cadete et al. 2012; Morais et al. 2013a ). Previously identified M. guilliermondii isolates obtained from decaying wood showed no xylanase activity in plate assays (Morais et al. 2013a ), but one hemicellulase, acetyl esterase, was found in extracellular extracts of this species (Basaran and Hang 2000) . In this study, xylanase-producing M. guilliermondii was not the only species found in sugarcane bagasse; C. tropicalis and C. intermedia isolates, obtained from sugarcane bagasse, also revealed xylanase activity. These species are commonly associated with lignocellulosic materials (Lachance et al. 2011) , and recent isolates have been obtained from decaying wood in Brazil (Cadete et al. 2012; Morais et al. 2013a ). Although C. tropicalis, C. intermedia and M. guilliermondii have been thoroughly studied regarding pentose (D-xylose and L-arabinose) utilisation (Granström et al. 2002; Gárdonyi et al. 2003; Fonseca et al. 2007b ), these ascomycetous species were not previously reported as xylanase-producers. These strains show potential for biotechnological applications, namely as a source of genes for the metabolic engineering of S. cerevisiae for the fermentation of lignocellulosic materials (Fonseca et al. 2011a) . In this study, Su. smithiae obtained from decaying wood was identified for the first time as a xylanase-producer. Recently, a new Sugiyamaella species (Su. xylanolytica) revealing xylanolytic activity was also found in decaying wood (Morais et al. 2013b ). Among the 63 basidiomycetous yeasts showing xylanase activity, 33 isolates were obtained from decaying wood and 30 were isolated from decaying sugarcane bagasse. Cryptococcus was the most frequently genus identified in this work, with 62 isolates related to three species: Cr. diffluens (albidus clade), Cr. heveanensis (heveanensis clade) and Cr. laurentii (bulleromyces clade). Cr. laurentii was the most frequently occurring yeast species, with 31 isolates obtained from decaying wood samples and 29 from sugarcane bagasse samples, while Cr. diffluens and Cr. heveanensis, both with only one isolate each, were obtained from sugarcane bagasse. Strains belonging to the genus Cryptococcus have already been reported in palm wine, soil, seawater, decaying wood, the phyllosphere of grasses, wood sorrel and clinical sources (Fonseca et al. 2011b ). Moreover, several species from this genus are known xylanase producers Leathers 1986; Lee et al. 1986; Parachin et al. 2009 ). Several Cryptococcus species are described as able to grow using xylan as a substrate rather than cellulose (Jiménez et al. 1991) , suggesting specificity of their hydrolytic enzymes to hemicellulose. T. mycotoxinivorans was the only xylanase-producing basidiomycetous yeast that does not belong to the Cryptococcus genus. Yeast species of the genus Trichosporon were described as able to hydrolyse both cellulose and xylan (Stevens and Payne 1977; Stüttgen and Sahm 1982) . Specifically, the ability to produce xylanolytic enzymes by T. mycotoxinivoran was also described by Thongekkaew et al. (2012) . All the isolates from the species C. intermedia, C. tropicalis, M. guilliermondii, Sc. shehatae, Su. smithiae, Cr. diffluens, Cr. heveanensis and T. mycotoxinivorans and 7 (out of 60) isolates from Cr. laurentii (those showing the larger halo of hydrolysis in xylan plates), in a total of 21 strains, were selected for quantitative evaluation of xylanase activity.
Selection and quantitative characterisation of xylanolytic yeasts
The 21 yeast isolates selected from the plate assay were characterised for their total extracellular xylanase activity in liquid medium, after xylan induction for 48 h (Fig. 1) . Among the nine species described as xylanase producers, five representative yeasts were selected based on the intraspecific highest extracellular xylanase activity: Cr. laurentii UFMG-HB-48, Su. smithiae UFMG-HM-80.1, Cr. diffluens UFMG-HM-88.2, Sc. shehatae UFMG-HM-9.1a and C. tropicalis UFMG-HB-93a. Isolates from species C. intermedia, M. guilliermondii, Cr. heveanensis and T. mycotoxinivorans were not further studied due to their relatively low xylanase activities.
The best xylanolytic yeasts were characterised in relation to their ability to growth in xylan as sole carbon and energy source (Fig. 2 ) Moreover, the specific growth rates of these five yeasts were determined both in xylan and xylose medium (Table 2 ). Although C. tropicalis UFMG-HB-93a revealed the highest specific growth rate in xylose (0.41 h ) and reached low cell density after 48 h. On contrary, the other four yeasts grew slower in xylose when comparing to C. tropicalis UFMG-HB-93a, but the specific growth rate in xylan was higher ([0.10 h ), reaching high cell densities (Fig. 2) . In the case of Cr. diffluens UFMG-HM-88.2 and Su. smithiae UFMG-HM-80.1, the specific growth rate in xylan (0.14 and 0.15 h -1 , respectively) was more that 75 % of that determined in xylose (0.18 and 0.19 h -1 , respectively), which suggests that the metabolism of xylan and their hydrolysis products is performed at similar rates. Apparently, these yeasts are specially adapted to the directly use of xylan in their natural habitats, producing the appropriate amount and combination of enzymes for complete xylan catabolism, i.e. hydrolysis of xylan into xylose and subsequent intracellular xylose metabolism.
The xylanolytic profile of the five yeasts selected was further characterised in terms of induction, by xylose or xylan, and the effect temperature on enzyme activity was also evaluated at 30 and 50°C, corresponding to the most common optimal temperature for yeast growth and the typical optimal temperature of Fig. 1 Extracellular xylanase volumetric activities determined at 50°C after induction by xylan in liquid medium at 30°C for 48 h Fig. 2 Yeast growth in xylan (1 %) medium at 30°C. Symbols: black down-pointing triangle C. tropicalis UFMG-HB 93a; black up-pointing triangle Cr. diffluens UFMG-HM-88.2; black diamond Cr. laurentii UFMG-HB-48; black square Su. smithiae UFMG-HM-80.1; black circle Sc. shehatae UFMG-HM-9.1a Table 2 Specific growth rates of yeasts cultivated in xylan (1 %) or xylose (3 %) as sole carbon and energy source, at 30°C
Strains
Growth rate (h Cr. diffluens UFMG-HM 88.2 0.14 ± 0.00 0.18 ± 0.00
Cr. laurentii UFMG-HB 48 0.15 ± 0.01 0.27 ± 0.02
Sc. shehatae UFMG-HM 9.1a 0.11 ± 0.01 0.18 ± 0.01
Su. smithiae UFMG-HM 80.1 0.15 ± 0.00 0.19 ± 0.01 Table 3 Yeast extracellular xylanase volumetric and specific activities (at 30 and 50°C) after incubation at 30°C, for 72 h, using xylose or xylan as inducer
Volumetric activity (U mL Comparing the average volumetric activity induced by xylan, the same letter indicates no significant difference at the level of 5 % probability through the Tukey test. Comparing the average of the specific activities induced by xylan and xylose in the same column, the same letter indicates no significant difference at the level of 5 % probability by Tukey test xylanolytic enzymes. Extracellular xylanase volumetric activities were determined after 72 h (Table 3 ). All the yeasts tested produced low amounts of extracellular enzymes using xylose as an inducer. Although the activity level was one order of magnitude lower than the control (A. pullulans Y-2311 3 and 18 U mL -1 at 30 and 50°C, respectively), three yeasts produced significant amounts of xylanases using xylan as the inducer and showed higher activity at 50°C than at 30°C: Cr. laurentii UFMG-HB-48 (1.16 U mL -1 /11.05 U mg -1 ), Sc. shehatae UFMG-HM-9.1a (0.69 U mL -1 /4.63 U mg -1 ) and Su. smithiae UFMG-HM-80.1 (0.50 U mL -1 /2.37 U mg -1 ). These yeasts were also those showing higher specific growth rates and cell densities in xylan medium ( Fig. 2 ; Table 2 ). The volumetric and specific xylanase activities were similar between the best xylanolytic yeasts since they produce similar amounts of extracellular protein (0.1-0.2 mg mL -1 ). Under the conditions tested, Sc. shehatae UFMG-HM-9.1a showed similar xylanase activities at 30°C (0.52 U mL -1 ) and 50°C. The xylanase activities previously reported for Sc. shehatae are very low (\0.05 U mL -1 ) (Lee et al. 1986) , one order of magnitude lower than those found in this study. On the contrary, a specific strain of the related species Scheffersomyces stipitis (CBS 5775) was identified as having relatively high xylanase activity (2.4 U mL -1 ) (Ö zcan et al. 1991) . Su. smithiae UFMG-HM-80.1 presented higher xylanase activity than the new species Su. xylanicola (0.15 U mL -1 ) under the same conditions, i.e., using xylan as an inducer (Morais et al. 2013b) . C. tropicalis UFMG-HB-93a and Cr. diffluens UFMG-HM-88.2 produced negligible titers of xylanase activity under both induction conditions. On the contrary, Cr. laurentii UFMG-HB-48 showed the highest xylanase volumetric activity, which is far superior to the previously reported residual activity for the same species (Lee et al. 1986 ), but it is far inferior to that reported for the related species Cr. flavus (Parachin et al. 2009 ). Although xylanases are usually induced by xylan, xylose, xylobiose or xylo-oligosaccharides (Kulkarni et al. 1999; Polizeli et al. 2005; Kumar et al. 2008) , in yeasts these enzymes have been shown to be better induced by xylan than by xylose, as reported both here and in other studies with specific yeast strains (Parachin et al. 2009 , Morais et al. 2013b .
The selected yeasts were also evaluated in terms of their b-D-xylosidase activity. This activity was determined both in extracellular and intracellular spaces, as well as associated with membrane, at 30 and 50°C, using xylose or xylan as inducers (Fig. 3) . Sc. shehatae UFMG-HM-9.1a showed residual b-Dxylosidase activity under xylose induction. Additionally, C. tropicalis UFMG-HB-93a, Cr. diffluens UFMG-HM-88.2 and Su. smithiae UFMG-HM-80.1, showed virtual absence of extracellular b-D-xylosidase activity in xylose-induced cultures. Cr. laurentii UFMG-HB-48 was the only strain revealing measurable extracellular b-D-xylosidase activity with xylose induction, and it presented the highest intracellular b-D-xylosidase activity among the yeasts tested, with a specific activity corresponding to 0.03 U mg -1 protein. This activity in Cr. laurentii UFMG-HB-48 corresponded to the same order of magnitude as the control A. pullulans Y-2311 (0.05 U mg -1 protein). Interestingly, the b-D-xylosidase activity in Cr. laurentii UFMG-HB-48 was mainly intracellular in xylose-induced cells and mainly extracellular in xylan-induced cells (Fig. 3) . In a previous study, the related Cr. albidus showed mainly intracellular b-D-xylosidase activity . Su. smithiae UFMG-HM-80.1 produced the highest b-D-xylosidase activities under xylan induction (Fig. 3a) , with the enzyme(s) present in intracellular and extracellular spaces, as well as in the membrane-associated. Sc. shehatae UFMG-HM-9.1a presented a different pattern of total b-D-xylosidase distribution in xylaninduced cells, with mainly intracellular b-D-xylosidase activity (Fig. 3a) . In Sc. stipitis CBS 5775, the b-D-xylosidase activity was found to be mainly extracellular (60 %) (Ö zcan et al. 1991) . Cr. diffluens UFMG-HM-88.2 showed intracellular b-D-xylosidase activity in cells induced by xylose and low extracellular activities in xylan-induced cells. The b-Dxylosidase activity in C. tropicalis UFMG-HB-93a was mainly intracellular and membrane associated in cells induced by both xylose and xylan. C. tropicalis UFMG-HB-93a was the only strain showing higher intracellular b-D-xylosidase activities at 30°C than at 50°C, under xylose induction. Most b-D-xylosidase described have optimal temperatures above 50°C (Knob et al. 2010 ). However, one was recently found in culture supernatants of xylan-grown Pichia membranifaciens, showing optimal activity at 35°C (Romero et al. 2012) .
This study describes the isolation of a large number of yeast isolates from decaying lignocellulosic materials showing xylanase activities. The extracellular xylanase activities reported for theses yeasts were low when compared to the activities found for filamentous fungi (generally [10 U mL -1 ) (Haltrich et al. 1996; Shah and Madamwar 2005) , including the yeast-like fungus A. pullulans NRRL Y-2311 (control).
Ecological studies of fungi and yeasts during the natural decay of wood showed that the yeast diversity is higher in partly delignified wood (González et al. 1989) , and their growth is most likely supported by the xylose liberated by the filamentous fungi (Jiménez et al. 1991) . However, several yeasts are able to secrete both endo-xylanases and b-D-xylosidases to use the products of xylan degradation as a sole carbon and energy source. The results obtained show that the secretion of xylanolytic enzymes mainly occurs under xylan induction. Under this induction condition, b-Dxylosidases, which cleave terminal D-xylose monomers from the non-reducing end of xylo-oligosaccharides, were found to be mainly intracellular or membrane-associated. Yeasts can use xylose and/or hydrolyse xylo-oligosaccharides to xylose extracellularly and/or transport those xylo-oligosaccharides to the cytoplasm and convert them to xylose intracellularly Biely and Kremnický 1998; Kremnický and Biely 1998) . The transport and hydrolysis of xylo-oligosaccharides provides these yeast with a competitive advantage against those that are only able to assimilate xylose as a carbon and energy source.
Despite the low level of xylanase activities detected, the production of these enzymes can be further optimised, characterised and tested. Rather than looking for high volumetric activities, the identification of unique traits such as optimal temperature Fig. 3 1,4 -b-D-Xylosidase total activity (U) and its cellular localisation after incubation at 30°C, for 72 h using xylan (a) or xylose (b) as an inducer (total of 25 mL medium). Black bars extracellular activity; Gray bars membrane-associated activity; White bars intracellular activity of activity, specificity and high stability, while having significant specific activity, may allow for potential biotechnological application of these enzymes, such as for direct use in bread making, simultaneous saccharification and co-fermentation processes for the production of biofuels and chemicals, or their heterologous expression, e.g., in other yeasts such as S. cerevisiae, through metabolic engineering or synthetic biology strategies, for the development of CBP systems (Gírio et al. 2010) .
